Inflammation is a critical factor for development of hypoxicischemic (HI) brain injury. Interleukin-18 (IL-18) is a proinflammatory cytokine expressed in microglia and processed by caspase-1. Our aim was to characterize the expression of IL-18 and its receptor in relation to caspase-1 and IL-1␤ after HI and to evaluate to what extent IL-18 contributes to HI brain injury. Seven-day-old rats were subjected to HI, and brain tissue was sampled at different time points (3 hr to 14 d) after insult. The mRNA for IL-18 and caspase-1 were analyzed with reverse transcriptase PCR, protein was analyzed by Western blot (IL-18, caspase-1) or ELISA (IL-1␤), and the regional distribution was assessed by immunohistochemistry. HI was also induced in C57BL/6 mice, and brain injury in IL-18-deficient animals was compared with that in wild-type animals. The expression of mRNA/protein for caspase-1 and IL-18 in brain homogenates increased progressively at 12 hr to 14 d after HI, whereas IL-1␤ peaked at 8 hr. A widespread expression of caspase-1 and IL-18 protein in microglia was found in the HI hemisphere. The IL-18 receptor was expressed on neurons of the cerebral cortex and thalamus. IL-1␤ was primarily found in microglia in the habenular nucleus of the thalamus. The infarct volume was reduced by 21% ( p ϭ 0.01), and the neuropathology score was significantly decreased in the cerebral cortex (Ϫ35%), hippocampus (Ϫ22%), striatum (Ϫ18%), and thalamus (Ϫ17%) in mice with IL-18 deficiency compared with wild-type mice. In conclusion, we found that IL-18 expression in microglia was markedly increased after HI and that IL-18 appears to be important for the development of HI brain injury.
Recent clinical and experimental evidence indicates that inflammatory mediators, including proinflammatory cytokines, play an important role in the pathogenesis of perinatal hypoxic-ischemic (HI) brain injury (Hagberg et al., 1996; Silverstein et al., 1997; Yoon et al., 1997; Bona et al., 1999) . Interleukin-1␤ (IL-1␤) converting enzyme (caspase-1) is a cysteine protease that is responsible for the maturation of the proinflammatory cytokines IL-1␤ and IL-18. Both IL-1␤ and IL-18 are synthesized as inactive precursors that require cleavage by caspase-1 to become fully bioactive. Several findings imply that caspase-1 has an important role in mediating brain injury after ischemia. Caspase-1 mRNA and protein were upregulated after cerebral ischemia in adult gerbils (Bhat et al., 1996) , and intracerebroventricular administration of the caspase-1 inhibitor Ac-YVAD-cmk has been shown to reduce brain injury after ischemia in the adult mouse (Hara et al., 1997) and rat (Rabuffetti et al., 2000) . In the neonatal brain, caspase-1 seems to be an important mediator of brain injury, because caspase-1-deficient mice are resistant to neonatal HI brain damage (Liu et al., 1999) . Because mice deficient in caspase-1 have neither mature IL-1␤ nor IL-18 (Wang and Lenardo, 2000) , it is possible that both these proinflammatory cytokines are involved in the development of brain injury. Brain damage is increased after intracerebroventricular injection of IL-1␤ in adult rats subjected to stroke (Yamasaki et al., 1995; Stroemer and Rothwell, 1998) , whereas intracerebroventricular administration of IL-1 receptor antagonist significantly decreases ischemic brain damage (Relton and Rothwell, 1992; Loddick and Rothwell, 1996; Stroemer and Rothwell, 1997) . In the neonatal brain, we and others have shown previously that the mRNA levels of IL-1␤ and the bioactivity of IL-1 are increased after HI, and that intracerebroventricular administration of IL-1 receptor antagonist significantly reduces brain injury after HI (Martin et al., 1994; Szaflarski et al., 1995; Hagberg et al., 1996) .
IL-18 is a newly discovered proinflammatory cytokine, originally identified as interferon-␥ (IFN-␥)-inducing factor (Okamura et al., 1995) . IL-18 is related to IL-1␤ more than to any other cytokine. The cytokines are similar in terms of structure, processing, receptor complex, signal transduction pathway, and proinflammatory properties (Dinarello, 1999; Lebel-Binay et al., 2000) . IL-18 and IL-18 receptor (IL-18R) mRNA have been detected in brain tissue from adult rats (Culhane et al., 1998; Wildbaum et al., 1998) , and cultures of murine microglia have been shown to both produce and respond to IL-18 (Conti et al., 1999; Prinz and Hanisch, 1999) . Recently, IL-18 deficiency in mice was associated with impaired microglia response in connection with experimental viral infection (Mori et al., 2001) , implying that IL-18 is critical for activation of CNS microglia. Because previous data suggest that excessive microglia activation exerts toxic effects after HI (McRae et al., 1995; Yrjanheikki et al., 1999; Galasso et al., 2000) , we hypothesized that IL-18 may be involved in the injurious processes in the brain after HI.
Our aim was to first characterize the gene and protein expression and immunolocalization of IL-18, IL-18R, caspase-1, and IL-1␤ after HI in the neonatal rat brain. Second, the involvement of IL-18 in brain injury was evaluated by assessment of the extent of brain damage in IL-18-deficient and wild-type neonatal mice subjected to HI.
MATERIALS AND METHODS

Induction of HI in neonatal rats
Neonatal HI was induced in rats at postnatal day 7 (P7) according to the methods presented by Rice et al. (1981) , with some modifications. Outbred Wistar rats (Moellegaard Breeding and Research C entre A /S, Skensved, Denmark) of either sex were anesthetized with enflurane (3% for induction and 1.5% for maintenance) in nitrous oxide/oxygen (1:1). The left common carotid artery was dissected and cut between ligatures of prolene suture (6.0). After the surgical procedure, the wounds were closed and infiltrated with a local anesthetic and the pups were allowed to recover for 1-2 hr. The litters were then placed in a chamber perf used with a humidified gas mixture (7.7% oxygen in nitrogen) for 60 min at 36°C. The animals were kept in humidified air at 36°C for 10 min before and 10 min after hypoxic exposure. The pups were returned to their dams after the hypoxic exposure. This procedure results in brain injury in the ipsilateral hemisphere, consisting of cerebral infarction in the cortex, striatum, hippocampus, and thalamus as described previously . Control littermates were neither operated on nor subjected to hypoxia. All animal experiments were approved by the local Ethical Committee of Göteborg (no. 183/99).
Induction of HI in neonatal mice
C57BL /6 wild-type mice (obtained from Moellegaard Breeding and Research C entre A /S) and C57BL /6 mice lacking the gene for IL -18 (Takeda et al., 1998) were bred at E xperimental Biomedicine (Göteborg University, Göteborg, Sweden). At P9, mice of either sex were subjected to neonatal HI (10% oxygen in nitrogen for 60 min at 36°C). The animal experiments were approved by the local Ethical Committee of Göteborg (no. 269/01).
Western blot
Pups were deeply anesthetized by intraperitoneal injection of 150 l of thiopental (50 mg /ml) and were perf used intracardially with 0.9% NaC l at 3 hr, 8 hr, 14 hr, 1 d, 3 d, 6 d, and 14 d after HI; control animals were perf used at P7, P8, P10, P13, and P21 (n ϭ 6 at each time point). The brains were rapidly dissected out and quickly frozen. Each hemisphere was homogenized in ice-cold homogenization buffer (50 mM Tris, pH 7.3, containing 5 mM EDTA). Protease inhibitor cocktail (P8340; Sigma, St. L ouis, MO) was added to a final concentration of 1%. The protein concentration was determined according to the method presented by Whitaker and Granum (1980) adapted for microplates. Homogenate samples were mixed with an equal volume of 3ϫ SDS-PAGE buffer and heated (96°C) for 5 min. Samples were electrophoresed on Novex (San Diego, CA) precast 8 -16% or 10 -20% Tris-glycine gels. All samples were transferred to reinforced nitrocellulose (Optitran, 0.2 m; Schleicher & Schuell, Dassel, Germany) membranes. Membranes were blocked in 30 mM Tris-HC l, pH 7.5, 100 mM NaC l, and 0.1% T ween 20 (TBS-T) containing 5% fat-free milk powder. The following primary antibodies, dilutions (diluted in TBS-T containing 3% BSA and 9 mM NaN 3 ), and incubation times were used: rabbit anti-caspase-1 (1:200, 1 hr at room temperature, M-20; Santa Cruz Biotechnology, Santa Cruz, CA), monoclonal mouse anti-␣-tubulin (1:1000, 1 hr at room temperature, MON 4009; C edarlane, Hornby, Ontario, C anada), and goat anti-IL -18 (1:100, 4°C overnight, AF521; R & D Systems, Minneapolis, M N). After washing, membranes were incubated with the appropriate peroxidaseconjugated secondary antibodies (Vector Laboratories, Burlingame, CA) diluted in blocking buffer. Immunoreactive species were visualized using Super Signal Western Dura chemiluminescence substrates (Pierce, Rockford, IL) and a cooled CCD camera (L AS1000; Fujifilm, Tokyo, Japan). Immunoreactive bands were quantified using Image Gauge software (version 3.3; Fujifilm) . Every sample was analyzed three times, and the average value was used as n ϭ 1. Stripping of membranes for reprobing purposes was performed by incubation in 62.5 mM Tris-HC l, pH 6.7, 100 mM ␤-mercaptoethanol, and 2% SDS at 50°C for 30 min.
Immunohistochemistry
Pups were deeply anesthetized by intraperitoneal injection of 150 l of thiopental (50 mg /ml) and were perf used intracardially with 0.9% NaC l and then 5% buffered formaldehyde (Histofix; Histolab, Göteborg, Sweden) at 3 hr, 8 hr, 12 hr, 24 hr, 3 d, 6 d, and 14 d after HI (n ϭ 6 at each time point). The brains were rapidly removed, immersion-fixed at 4°C for 24 hr, dehydrated, embedded in paraffin, and cut into 5-m-thick coronal sections. Control pups were killed at P7, P8, P10, P13, and P21 (n ϭ 3), and the brains were prepared as described above. The following primary antibodies, dilutions, and incubation times were used: rabbit anticaspase-1 (1:200 in PBS, 1 hr at room temperature, M-20; Santa Cruz Biotechnology), goat anti-IL -18 (1:100 in PBS containing 0.2% Triton X-100 and 0.1% BSA, overnight at 4°C, M-19; Santa Cruz Biotechnology), sheep anti-IL -1␤ (1:400 in PBS containing 0.2% Triton X-100 and 0.1% BSA, overnight at 4°C, S328/ B4b; National Institute for Biological Standards and Control, Herts, UK), goat anti-mouse IL -18R (2 g /ml in PBS containing 0.2% Triton X-100, 1 hr at room temperature, AF856; R & D Systems), and mouse anti-neuronal-specific nuclear protein (NeuN) (4 g /ml in PBS, 1 hr at room temperature; Chemicon, Temecula, CA). Before immunohistochemical staining, sections were deparaffinized and boiled in citric acid buffer (0.01 M, pH 6.0, 10 min). For caspase-1 and IL -18R staining, sections were also treated with proteinase K (10 g /ml in PBS, 9 min; Boehringer Mannheim, Mannheim, Germany). Nonspecific binding was blocked by incubation with appropriate serum (10%). After incubation with primary antibodies, sections were washed in PBS and incubated with biotinylated secondary antibodies (Vector Laboratories) for 1 hr, followed by inhibition of endogenous peroxidase (0.6% H 2 O 2 in methanol, 10 min) and incubation with avidin -biotin enzyme complex (20 l /ml, 1 hr, ABC -Elite; Vector Laboratories). Immunoreactivity was visualized using DAB (0.5 mg /ml) enhanced with nickel sulfate (15 mg /ml) (Gilland et al., 1998) . For double-labeling experiments, FI TC -streptavidin (10 g /ml in PBS) or Texas Red-conjugated avidin D (25 g /ml in PBS) was used after incubation with biotinylated secondary antibody; alternatively, secondary antibodies directly conjugated to Texas Red or FI TC were used. Microglia were detected using FI TC -labeled isolectin B 4 (10 g /ml in PBS, 1 hr, L -2895; Sigma).
The specificity of antibodies was tested by omission of the primary antibody and by preabsorption of primary antibodies with an excess (10ϫ and 100ϫ) blocking peptide for caspase-1 and IL -18 (sc-515 P and sc-6179 P; Santa Cruz Biotechnology) and with an excess (50ϫ) recombinant rat IL -1␤ (501-RL; R & D Systems) for IL -1␤.
ELISA IL-1␤. Brain tissue was prepared as described under Western blotting procedures. After homogenization, protease inhibitor cocktail (P8340; Sigma) was added to a final concentration of 5%. The homogenates were centrif uged at 10,000 ϫ g at 4°C for 10 min. The supernatants were collected and used for the ELISA. For the assay, a rat IL -1␤ immunoassay kit, Quantikine M (RL B00; R & D Systems), was used. Every sample was assayed in duplicate. The standard was diluted in homogenization buffer with 5% protease inhibitor cocktail. Apart from this, the assay was performed as recommended by the manufacturer.
IL-18. C57BL /6 wild-type mice were killed at 3 d (n ϭ 8) and 6 d (n ϭ 7) after HI; control animals were killed at P12 (n ϭ 3). Brain tissue was prepared and centrif uged as described above. For the assay, a mouse IL -18 ELISA kit (7625; R & D Systems) that reacts with the active form of IL -18 was used. The two monoclonal antibodies used in this assay were raised against recombinant mouse IL -18, which represents the mature and active form of IL -18 (corresponding to amino acids 36 -192). Every sample was assayed in duplicate, and the assay was performed as recommended by the manufacturer.
Reverse transcriptase-PCR
The pups were killed at 3 hr, 6 hr, 12 hr, 1 d, 3 d, 6 d, and 14 d after HI, and the brains were rapidly removed and frozen in liquid nitrogen. Control animals were killed on P7, P8, P10, P13, and P21, respectively. Total RNA was extracted from each hemisphere using the guanidine isothiocyanate-cesium chloride method (Chirgwin et al., 1979) . The RNA was quantified by spectrophotometry at 260 nm and stored at Ϫ80°C. First-strand cDNA synthesis was performed with a Superscript RNase H Ϫ reverse transcriptase kit (Invitrogen, San Diego, CA), random hexamer primers, and deoxyN TP (dN TP) (dATP, dC TP, dGTP, and dTTP; Roche Molecular Biochemicals, Indianapolis, I N), as described previously .
Each PCR (25 l) contained 1/25 of the cDNA synthesis reaction, 0.2 mM dNTP, 2.5 l of 10ϫ PCR buffer (in mM: 250 Tris-HCl, pH 8.3, 375 KCl, 15 MgCl 2; Sigma), 1 U of Taq DNA polymerase (Sigma), and 1 M upstream (U) and downstream (D) primers [caspase-1 U, 5Ј-CCAGAG-CACAAGACTTCTGAC; caspase-1 D, 5Ј-TGGTGTTGAAGAGCA-GAAAGC; GenBank accession no. U14647; glyceraldehyde-3-phosphate dehydrogenase (GAPDH) U, 5Ј-ACCACCATGGAGAAGGCTGG; GAPDH D, 5Ј-CTCAGTGTAGCCCAGGATGC; GenBank accession no. M17701A; IL-18 U, 5Ј-TGGAGACTTGGAATCAGACC; IL-18 D, 5Ј-GGCAAGCTAGAAAGTGTCCT; GenBank accession no. AJ222813]. Primers were from CyberGene AB (Huddinge, Sweden). The annealing temperature was 60°C for caspase-1 and GAPDH and 58°C for IL-18. The cycle numbers (30 cycles for caspase-1, 20 cycles for GAPDH, and 29 cycles for IL-18) were chosen such that the PCR product would be in the linear phase of amplification.
The PCR products were separated on a 1.5% agarose/0.5ϫ Tris borate EDTA gel containing ethidium bromide. A 100 bp ladder was used to verif y the size of the PCR products. The gels were exposed in an L AS 1000 cooled CCD camera (Fujifilm), and bands were quantified using Image Gauge software (version 3.3; Fujifilm).
Evaluation of brain injury in IL-18 knock-out and control mice
Pups [IL -18 knock-out (IL -18 KO), n ϭ 34; wild-type mice, n ϭ 21] were killed on P12. Brains were perf usion-fixed with 5% paraformaldehyde, dehydrated, embedded in paraffin, and sectioned into 5-m-thick coronal sections at 10 evenly distributed anteroposterior levels from the anterior striatum to the posterior aspect of the hippocampus. Adjacent sections were stained with thionin /acid f uchsin (Mallard et al., 1993) and for microtubule-associated protein (1:1000, 1 hr, mouse-anti-M AP-2, clone HM-2; Sigma). Immunoreactivity was visualized with DAB as described above.
Brain injury in different regions was evaluated by an observer blinded to the study groups, using a semiquantitative neuropathological scoring system modified from the system presented by Bona et al. (1998) . Injury in the cerebral cortex was graded from 0 to 4 (with 0 being no observable injury and 4 being confluent infarction encompassing most of the hemisphere). The damage in the hippocampus, striatum, and thalamus was assessed regarding both hypotrophy (shrinkage) (0 -3) and observable cell injury/infarction (0 -3), resulting in a neuropathological score for each brain region (0 -6). The total score (0 -22) was the sum score for all four regions.
Intact neurons (dendrites and soma) express M AP-2, and infarction in gray matter is associated with a distinct loss of M AP-2 immunoreactivity, which parallels the secondary loss of glucose metabolism in the tissue (Gilland et al., 1998) . M AP-2-positive areas in the ipsilateral and contralateral hemispheres were outlined by an observer blinded to the study groups and were calculated using the Olympus Micro Image image analysis software, version 4.0 (Olympus Optical, Tokyo, Japan). The proportion of infarction was calculated by subtracting the M AP-2-positive area of the ipsilateral hemisphere from the contralateral hemisphere and was expressed as a percentage of the contralateral hemisphere.
Statistics
The HI-induced changes in caspase-1 and IL -18 mRNA and the changes in caspase-1, IL -18, and IL -1␤ protein in the ipsilateral hemispheres were compared with age-matched controls and contralateral hemispheres using the Mann -Whitney U test (with Bonferroni correction when multiple comparisons were made). E xpression of mRNA and protein during normal development (P7-P21) were compared using ANOVA (Newman -Keuls post hoc test). Brain injury in IL -18-deficient and wild-type mice was compared using the Mann -Whitney U test. All data are expressed as mean Ϯ SEM.
RESULTS
IL-18 mRNA and protein expression after HI
Reverse transcriptase (RT)-PCR performed on mRNA from ipsilateral and contralateral hemispheres after HI and from controls produced a 398 bp IL-18 fragment (data not shown). The mRNA levels of IL-18 did not change significantly during normal development (P7, P8, P10, P13, and P21) (Fig. 1 A) . A significant threefold increase in IL-18 mRNA was observed at 1 d of reperfusion ( p ϭ 0.0065) in the ipsilateral hemisphere, compared with the mRNA levels in corresponding controls (Fig. 1 A) . The mRNA expression of IL-18 in the ipsilateral hemisphere increased further at 3 d ( p ϭ 0.025) and continued to increase until IL-18 mRNA levels are normalized against GAPDH mRNA, and the ratio of IL-18/GAPDH is shown in A. B, Individual samples on Western blot with detection of a 24 kDa band. ␣-Tubulin was used as control for equal loading. I and C indicate the ipsilateral and contralateral hemispheres, respectively, of the same animal at each time point. Samples are shown in control animals at P8 and at various times of recovery after HI (1, 3, 6, and 14 d). C, Expression of the 24 kDa IL-18 protein from measured values. OD, Optical density. In A and C, results are given for control animals at different postnatal ages (P7, P8, P10, P13, and P21) and at different time points of recovery after HI (n ϭ 6 in each group). Data are expressed as mean Ϯ SEM. *p Ͻ 0.05; **p Ͻ 0.01 when compared with the corresponding hemispheres from control animals at the same postnatal day. at least 14 d of reperfusion, reaching a 3.5-fold increase compared with controls ( p ϭ 0.018) (Fig. 1 A) . The mRNA levels in the contralateral hemispheres were significantly lower than those in the HI hemispheres 3 hr to 3 d after insult (Fig. 1 A) .
The antibody against IL-18 displayed a distinct band on Western blots with an apparent molecular mass of 24 kDa, which corresponds to the size of pro-IL-18 (Fig. 1 B) . In control animals, IL-18 protein was expressed constitutively and no changes were observed at the different postnatal ages (Fig. 1C) . At 1 d of reperfusion, a 50% increase in IL-18 protein was observed in the ipsilateral hemisphere ( p ϭ 0.029 vs contralateral hemisphere) (Fig. 1C) . Similar to the mRNA levels, IL-18 protein expression was increased in the ipsilateral hemisphere at 3 d ( p ϭ 0.05), 6 d ( p ϭ 0.0039) and 14 d ( p ϭ 0.0039) of reperfusion, reaching a fivefold increase at 14 d compared with control pups (Fig. 1C) .
To investigate whether there was active IL-18 present in the wild-type mice and whether the active form was upregulated after HI, IL-18 was also analyzed with an ELISA based on two monoclonal antibodies directed against two different epitopes of the mature (active) form of the protein. At P12, active IL-18 was present in both hemispheres at a concentration of ϳ40 pg/mg total protein, which corresponded to the levels in the contralateral hemispheres after HI (Fig. 1 D) . The amount of active IL-18 was increased by 70% ( p Ͻ 0.001) in the ipsilateral hemisphere compared with the contralateral hemisphere at 3 d after HI and by 36% ( p ϭ 0.013) at 6 d after HI (Fig. 1 D) .
In sections from brain tissue, IL-18 protein was expressed in control animals by cells scattered throughout the hemispheres (data not shown). After HI, an increase in IL-18 immunoreactivity occurred at ϳ12 hr of reperfusion in the ipsilateral hemispheres. IL-18 immunoreactivity continued to increase in the ipsilateral hemisphere and at 24 -72 hr after HI, and positive cells were found throughout the entire hemisphere (see Fig. 4 E) . At 6 and 14 d after HI, IL-18 immunoreactivity was strictly located in the areas of injury in the cortex and thalamus of the ipsilateral hemisphere (see Fig. 4 F) . No changes in immunoreactivity were observed in the contralateral hemispheres at any time point after HI. Preabsorption of the IL-18 antibody with 10ϫ excess of IL-18 blocking peptide prevented all immunoreactivity (data not shown). All cells expressing IL-18 were identified as microglia by double-labeling immunofluorescence (see Fig. 5D -F ) and were shown to be colocalized with caspase-1-positive cells (see Fig.  5J -L).
Cellular localization of the IL-18R
In tissue sections, IL-18R immunoreactivity was found primarily in neurons (see Figs. 4 K,L, 5P-R) but also in a variety of other cell types (see Fig. 4 N,O) . However, the IL-18R was not expressed by all neurons. The IL-18R-positive cells were located in both the cortex and the thalamus at all time points after HI, and no distinct differences in IL-18R expression were found at different time points after HI or between hemispheres.
Caspase-1 mRNA and protein expression after HI
To determine whether the expression of caspase-1 was altered after HI, RT-PCR was performed on mRNA isolated from ipsilateral and contralateral hemispheres at several time points after HI and from control brains. The RT-PCR produced a single 339 bp caspase-1 fragment of the expected size (data not shown). Unoperated control animals showed no differences in caspase-1 mRNA expression between hemispheres or during normal development (P7, P8, P10, P13, and P21) (Fig. 2 A) . Individual samples Figure 2 . Upregulation of caspase-1 mRNA ( A) and protein (B, C) levels after HI. Caspase-1 mRNA levels were normalized against GAPDH mRNA, and the results in A are shown as the ratio of caspase-1/GAPDH. B, Results from some individual samples are shown; a 45 kDa band and an apparent 35 kDa breakdown product of caspase-1 were detected. ␣-Tubulin was used as control for equal loading. I and C indicate the ipsilateral and contralateral hemispheres, respectively, of the same animal at each time point. Western blots are shown for control animals at P8 and at various times of recovery after HI (1, 3, 6, and 14 d). C, Expression of the 45 kDa caspase-1 protein from measured values. OD, Optical density. In A and C, results are given for control animals at different postnatal ages (P7, P8, P10, P13, and P21) and at different time points of recovery after HI (n ϭ 6 in each group). Data are expressed as mean Ϯ SEM; *p Ͻ 0.05; **p Ͻ 0.01 when compared with the corresponding hemispheres from control animals of the same postnatal day.
# p Ͻ 0.05; ## p Ͻ 0.01 when compared with the contralateral hypoxic, undamaged hemispheres.
(n ϭ 6 at each time point) showed a significant 2.8-fold increase in caspase-1 mRNA expression in the ipsilateral hemisphere 1 d after HI ( p ϭ 0.0065) when compared with control animals, and the expression continued to increase at 6 d ( p ϭ 0.0039) and 14 d ( p ϭ 0.011) of reperfusion (Fig. 2 A) . An upregulation of caspase-1 mRNA was also observed in the contralateral hypoxic hemisphere, but the caspase-1 mRNA levels were significantly higher in the ipsilateral compared with the contralateral hemispheres at 12 hr to 6 d of reperfusion (Fig. 2 A) . The housekeeping gene GAPDH, which produced a 528 bp PCR fragment, was used for normalization. No changes in the mRNA levels of GAPDH were found after HI (data not shown).
The antibody against caspase-1 displayed a distinct band on Western blots with an apparent molecular mass of 45 kDa, which corresponds to the proform of caspase-1 (Fig. 2 B) . Control animals expressed caspase-1 protein constitutively, with no significant changes during normal development (Fig. 2C ) (n ϭ 6 at each time point). A small (35%) but significant increase in the 45 kDa band was observed 1 d after HI in the ipsilateral hemisphere ( p ϭ 0.01) when compared with the corresponding control animals ( Fig. 2C) . At 3 d after HI, a threefold increase in the expression of caspase-1 was observed in the ipsilateral hemisphere compared with control brains ( p ϭ 0.025). The expression of the 45 kDa band continued to increase at 6 d ( p ϭ 0.0039) and 14 d ( p ϭ 0.0039) of reperfusion (Fig. 2C) . No significant increase in caspase-1 protein expression was observed in the contralateral hemispheres at any time point after HI. In tissue sections, the immunoreactivity in control animals was found in cells scattered throughout the brain. At 8 hr after HI, an increase in caspase-1 immunoreactivity was found in the habenular nucleus of the thalamus of the ipsilateral hemisphere, with no changes in the contralateral hemisphere (data not shown). C aspase-1 immunoreactivity continued to increase in the ipsilateral hemisphere after HI, and the increase was similar in time and distribution to the observed increase in IL -18 immunoreactivity (see Fig. 4 A-F) . No changes in immunoreactivity were observed in the contralateral hemispheres at any time point after HI. Double-labeling immunofluorescence identified all caspase-1 immunoreactive cells as microglia (see Fig.  5A -C). Preabsorption with 10ϫ excess of the peptide for caspase-1 omitted all immunoreactivity.
IL-1␤ protein expression after HI
Control animals showed low expression of IL-1␤ protein with no differences during normal development (Fig. 3) . After HI, the expression of IL-1␤ increased, exhibiting a biphasic pattern. The first and maximal increase occurred in the ipsilateral hemisphere at 8 hr of reperfusion, attaining a 7.4-fold increase ( p ϭ 0.0066) compared with IL-1␤ in the contralateral hemisphere (Fig. 3) . The levels of IL-1␤ protein in the ipsilateral hemisphere decreased gradually from 14 hr (3.5-fold increase) to 72 hr (twofold increase) after HI; however, they were still significantly increased when compared with levels in contralateral hemispheres. At 6 and 14 d after HI, a second (4.5-fold) increase in IL-1␤ protein was observed in the ipsilateral compared with the contralateral hemisphere (Fig. 3) .
In tissue sections, changes in IL-1␤ protein expression followed those demonstrated by ELISA. At 8 hr after HI, an increase in IL-1␤-expressing cells was observed primarily in the habenular nucleus of the thalamus of the ipsilateral hemisphere (Fig. 4G) , with no changes in immunoreactivity in the contralateral hemisphere. Double-labeling with immunofluorescence identified the cells as microglia (Fig. 5G,I ). IL-1␤-expressing microglia were still detected in the habenular nucleus of the ipsilateral hemisphere 12 hr after HI, but at 24 hr, no more immunoreactive cells were found in this region. However, some immunoreactivity was found in astrocytic processes in the cortex of the ipsilateral hemisphere. At 6 and 14 d after HI, a few IL-1␤-expressing microglia were observed in the injured regions of the ipsilateral hemisphere. Tissue sections from control animals showed no IL-1␤ immunoreactivity at any time point. Immunofluorescent double-labeling showed colocalization of IL-1␤-positive cells with caspase-1 (Fig. 5M-O) . Preabsorption of the IL-1␤ antibody with 50ϫ excess of recombinant IL-1␤ resulted in complete loss of immunoreactivity.
Brain injury in IL-18 KO and wild-type mice
Mortality or pup weight did not differ between IL-18-deficient and wild-type mice, which agrees with previous reports that IL-18-deficient mice develop normally and have a normal phenotype (Takeda et al., 1998) . IL-18 was expressed in wild-type mice to a similar extent as observed in neonatal rats (Fig. 4 H) , whereas IL-18 was not expressed in IL-18 KO mice (Fig. 4 M) . There was no change in IL-1␤ protein expression after HI in IL-18 KO mice compared with wild-type mice (Fig. 4 H,I ). The extent and distribution of brain injury in wild-type mice was similar to that seen in neonatal rats. In most wild-type and IL-18-deficient animals, brain infarction/selective neuronal loss was observed in the cerebral cortex, hippocampus, striatum, and thalamus ipsilateral to the carotid artery occlusion. The area of infarction, measured as lack of MAP-2 immunoreactivity, was significantly reduced at 9 of 10 brain levels in IL-18 KO compared with wild-type mice (Fig. 6 A) . The total volume of infarction, expressed as a percentage of the contralateral hemisphere, was reduced from 53 Ϯ 2.7% in wildtype mice to 42% Ϯ 2.7 in IL-18-deficient mice (i.e., by 21%) ( p ϭ 0.01). The neuropathological score was significantly lower in IL-18 KO mice than in wild-type mice for all regions evaluated (Fig. 6 B) , being most marked in the cerebral cortex (Ϫ35%). The total score was significantly ( p Ͻ 0.001) reduced in the IL-18 KO mice (13.4 Ϯ 0.6) compared with wild-type mice (17.2 Ϯ 0.5), and the total score for each animal is shown in Figure 6C . (C, F, I ). Caspase-1, IL-18 (thalamus region of ipsilateral hemisphere), and IL-1␤ (habenular nucleus of ipsilateral hemisphere) all colocalized with the microglial marker isolectin (B, E, and H, respectively). Furthermore, caspase-1 (L, O) colocalized with its substrates IL-18 ( J) (thalamus region of ipsilateral hemisphere) and IL-1␤ ( M ) (habenular nucleus of ipsilateral hemisphere), respectively, as demonstrated in the overlay photographs shown in K and N. The bottom row demonstrates colocalization ( Q) of neurons (stained with NeuN) ( P) with the IL-18R ( R) (cortex of ipsilateral hemisphere).
DISCUSSION
IL-18 has been shown to be upregulated after ischemia/reperfusion in the kidney (Daemen et al., 1999) and heart (Pomerantz et al., 2001 ), but there are no studies published addressing IL-18 involvement in brain injury. After HI, we found a distinct upregulation of caspase-1 in microglia/macrophages that was colocalized with its substrates IL-18 and IL-1␤. In addition, brain injury was attenuated in IL-18-deficient mice, suggesting that this cytokine participates in the inflammatory microglia-related response, which seems to increase brain injury after HI (McRae et al., 1995; Yrjanheikki et al., 1999; Galasso et al., 2000) . Such an assumption is supported by a recent study demonstrating that IL-18 binding protein provides protection in a model of myocardial ischemia (Pomerantz et al., 2001) .
The gradual increase in caspase-1 (mRNA and protein) that was found is consistent with the findings in brains from adult gerbils after ischemia, in which increased levels of caspase-1 mRNA as well as protein were observed, starting at 24 hr after insult and increasing over time with the highest levels found at the latest investigated time point (14 d after injury) (Bhat et al., 1996) . IL-18 mRNA has been detected previously in brain tissue (Culhane et al., 1998; Wildbaum et al., 1998) , but the expression after ischemia has not been addressed. Similar to caspase-1 changes after HI, we found an increase in IL-18 mRNA and protein levels in the injured hemisphere 1-14 d after injury, with the most marked increase at 14 d. In contrast, the maximal increase in IL-1␤ protein occurred 8 hr after HI, earlier than the peak in caspase-1 and IL-18 protein expression, and then a secondary rise occurred 6 -14 d after HI. IL-1␤ protein was detected almost exclusively in and around the region of the habenular nucleus of the injured hemisphere, where it was colocalized with caspase-1 in microglia, but only a few of all caspase-1-positive cells also expressed IL-1␤, even at the time point of maximal IL-1␤ expression. Expression of IL-18 and caspase-1, in contrast, showed a close correlation in time and distribution, and virtually all caspase-1-positive cells were also IL-18 positive. Hence, we report a rather low expression of IL-1␤ after HI and a poor correlation between caspase-1 and IL-1␤ compared with the correlation between caspase-1 and IL-18 expression. It has also been demonstrated that IL-18 is actually the preferred substrate for caspase-1 (Rano et al., 1997) . This indicates that IL-18 might, in addition to IL-1␤, have an essential function in the pathway of events leading to brain injury after HI, which was supported by the relative resistance of IL-18-deficient animals to HI brain injury. The time course for development of brain injury in this model depends on the severity (duration) of the HI insult. In the present study, a moderate insult was induced, which results in somewhat delayed development of injury over at least 1-2 d (Blumberg et al., 1997; Gilland et al., 1998; Nakajima et al., 2000) . Hence, IL-18 expression, which was increased 12 hr to 14 d after HI, most likely occurred within the time frame for development of brain injury.
The critical role of IL-1␤ in brain injury is well established (Relton and Rothwell, 1992; Loddick and Rothwell, 1996) , and it is important to consider its possible interaction with IL-18. The expression of IL-1␤ was not upregulated or downregulated in IL-18-deficient mice, which suggests that the reduction of injury in the IL-18 KO mice was not directly related to IL-1␤. However, these two cytokines do share many properties, and IL-18 may be expected to potentiate the proinflammatory effects of IL-1␤. IL-18 induces production of IL-1␤ [and tumor necrosis factor-␣ (TNF-␣)] in some cells (Puren et al., 1998) , and both these cytokines recruit the Myd88 -IL-1 receptor-associated kinase-TNF receptor-associated factor 6 second messenger sequence, resulting in nuclear factor B (NFB) production with induction of proinflammatory genes, including that for inducible nitric oxide synthase (iNOS) (Lebel-Binay et al., 2000) . Hence, iNOS aggravates injury in the immature brain (Ikeno et al., 2000) , and activation of NFB seems to aggravate injury after ischemia (Schneider et al., 1999) . Furthermore, IL-18 and IL-1␤ both induce the expression of chemokines such as IL-8, which has chemoattractant properties on polymorphonuclear cells, and of macrophage inflammatory protein 1-␣ and monocyte chemotactic protein-1 (Lebel-Binay et al., 2000) , which are involved in the recruitment of monocytes, T cells, and eosinophils. Data have been published previously that suggest that the chemokine system is activated in the immature brain after HI (Bona et al., 1999) and might be involved in the development of injury (Galasso et al., 2000) . Another important function of IL-18 is to induce production of T helper 1 (Th1) cytokines (IL-2 and IFN-␥), which it does in synergy with IL-12. When stimulated with IL-18 and IL-12, not only Th1 cells but also natural killer (NK) cells, activated B cells, and macrophages/microglia are potent IFN-␥ producers (Lebel-Binay et al., 2000) . In addition to the proinflammatory functions of IL-18, the cytokine is also able to enhance cell-mediated immune cytotoxicity. IL-18 enhances the cytotoxic activity of immune cells by upregulating the expression of Fas ligand on NK and Th1 cells (Dao et al., 1996; Tsutsui et al., 1996) and by enhancing the perforin-mediated cytotoxic activity of NK cells (Hyodo et al., 1999) . IL-18 could be involved in brain injury either indirectly, by causing an inflammatory reaction in the brain, or directly, through the enhancement of cytotoxic activity of immune cells. However, the infiltration of lymphocytes and NK cells into the brain tissue after HI is limited (Bona et al., 1999) , and the participation of such cells is uncertain. Interestingly, we could report the expression of IL-18R on neurons. This suggests that IL-18 may have direct yet unknown functions on neurons. Recent data imply that IL-18 is expressed by brain microglia in response to viral challenge, which induces expression of IFN-␥ in neurons that in turn activates microglia. This microglia-neuronal interaction leads to apoptotic death of viruscontaining neurons and engulfment by microglia/macrophages and then to prompt inactivation of the IL-18 response (Mori et al., 2001) . A similar sequence of events may occur after HI, but the IL-18 expression was nearly maximal even 14 d after insult, implicating a persistent rather than a transient inflammatory microglial response, which agrees with previous reports (McRae et al., 1995; Bona et al., 1999) .
We found expression of caspase-1 protein only in microglia. Our findings are consistent with the study in adult gerbils, in which the increase in caspase-1 expression after ischemia was selectively localized in microglia (Bhat et al., 1996) . The substrates IL-18 and IL-1␤ were also expressed by microglia, and they were colocalized with caspase-1. We found what appeared to be a 35 kDa cleavage fragment, although we could not identify the p10 subunit of the active form complex with Western blotting. There are several possible reasons why the p10 subunit was not detected. The concentration may not have been high enough when analyzing the entire hemisphere, the half-life of the p10 subunit may have been too short to allow detection on Western blots, or the affinity of the antibody may have been too low. For example, in the case of caspase-3, the active p17 subunit was not always detectable by Western blot, even when the DEVDase activity was significantly increased (Blomgren et al., 2001) . In adult gerbils, using the same antibody against caspase-1, no p10 subunit was detected after ischemia (Bhat et al., 1996) . However, we have demonstrated previously that bioactive IL-1␤ was increased after HI using the same model (Hagberg et al., 1996) , and presently we found detectable levels of active IL-18, as judged by the ELISA specific for the active form, strongly indicating that caspase-1 was activated during reperfusion.
The detection of caspase-1 activity after ischemia is controversial. According to some reports, no increase in caspase-1 activity was detected after brain injury in neonatal or adult brain using activity assays (Yakovlev et al., 1997; Cheng et al., 1998) . However, intracerebroventricular administration of a selective caspase-1 inhibitor (Ac-YVAD-cmk) has been shown to reduce brain injury in several in vivo models of ischemic (Hara et al., 1997; Rabuffetti et al., 2000) and traumatic (Fink et al., 1999) brain injury. The importance of caspase-1 as a mediator of brain damage is also shown by the use of mice deficient in the gene for caspase-1. In both neonatal and adult animals, the lack of caspase-1 is protective against ischemia (Schielke et al., 1998; Liu et al., 1999) . Caspase-1 knock-out mice do not release mature IL-1␤ or IL-18 (Wang and Lenardo, 2000) . At present, IL-1␤ and IL-18 are the only known substrates for caspase-1. Both caspase-1 and its substrates are expressed by microglia, which are thought to play an important role in inflammatory and injurious processes in the brain after ischemic insults (Yrjanheikki et al., 1999) .
In summary, we demonstrate that caspase-1 and its two substrates, IL-1␤ and IL-18, were upregulated after HI in the immature brain. In addition, the spatial and temporal expression patterns of caspase-1 and IL-18 were similar. We also report the expression of IL-18R on neurons, and that brain injury after HI was attenuated in IL-18 gene-disrupted mice compared with wild-type mice, suggesting a role for IL-18 in the pathophysiology of cellular injury in the immature brain.
